SUMMARY: Cell-free extracts of Mycobacterium smegwuztis contain an inorganic polyphosphatase and a ' polyphosphate-AMP-phosphotransferase '. The latter enzyme, which synthesizes adenosine triphosphate from adenosine-5-monophosphate and inorganic polyphosphate, has a pH optimum of about 6.3, and is stimulated by Mg. It does not appear to be attached to cell particles, and a slight purification may be effected by ammonium sulphate precipitation.
P & B medium and recentrifuging, suspended in 60 ml. P & B medium and transferred to 150 ml. flasks containing 2 ml. 0.5 yo (w/v) Tween 80. To the flasks containing the unlabelled organisms 0.5 mc of 32P were added. Samples were withdrawn at once and the flasks shaken a t 3 7 O in the water bath. Further samples were withdrawn when required, The samples were washed and fractionated as described previously. Phosphorus determinations and 32P
counts were done on all the fractions, and on the medium. The specific activity of the inorganic polyphosphate was determined after precipitation with barium chloride a t pH 4.5. In the acid-soluble fraction, the orthophosphate and labile phosphates were precipitated with magnesia mixture after hydrolysis for 10 min. with N-H,SO,, and the specific activity of this precipitated phosphate was determined. From the figures obtained the concentrations and the specific activities of the lipid phosphorus, ' phosphoprotein ', ' insoluble ' polyphosphate, labile and stable acid-soluble phosphate, deoxypentosenucleic acid and pentosenucleic acid were calculated, Both nucleic acids contained, however, some uncharacterized phosphate.
Counting of radioactive samples. Samples (0.3 ml.) of the solutions (all in 5 % trichloroacetic acid, TCA) were pipetted on to nickel planchettes and counted immediately under an end-window counter. Duplicate samples of each solution, were counted, 10,000 counts being taken on each sample. Where duplicates did not agree to within Zyo, further samples were counted and the mean taken.
Preparation of cell-free extracts. Mycobacteriurn srnegrnatis from +day cultures was vigorously ground for 10-15 min. by hand in a chilled mortar with about the same weight of acid-washed alumina and enough cold 0 . 1~-phosphate buffer (pH 7.2) to make a slurry, (Use of insufficient buffer during the grinding may result in inactivation of enzyme.) The slurry was diluted with the buffer, chilled and centrifuged for 3 x 10 min. periods a t about 3000 g to remove alumina, organisms and large cell-fragments. The extract was dialysed overnight at about 4" against distilled water, and recentrifuged.
Estimation of polyphosphate-AMP-phosphotransferase Method (i). This method relied on the presence in the extract of glycerolkinase, which caused the transfer of phosphate from adenosine triphosphate (ATP) or adenosine diphosphate (ADP) to glycerol, a reaction which went nearly to completion. One ml. of 0-5 % (w/v) MgSO,. 7H20,1 ml. of 2 % (w/v) glycerol in water, and 1 ml. of O-b~~succinate buffer (pH &a), were pipetted into a test tube and 1 ml. of a 0.2% (w/v) solution of adenosine-5-mono-
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phosphate (AMP), and 1 ml. of sodium pholyphosphate solution were added. Three ml. of cell-extract was added, the solutions mixed, and 2 ml. samples pipetted into 2 ml. volumes of 10 % trichloroacetic acid (TCA). Control tubes lacking polyphosphate and nucleotide were also set up. The tubes werestoppered, incubated at 37' for 3-5 hr. and further samples were taken. The sample tubes were capped, heated for 10 min. a t 90" (to extract the polyphosphate from the precipitated protein), centrifuged, and the supernatant fluid used for the determination of the sum of inorganic and acid-labile phosphate. The decrease in this figure during incubation was a measure of the amount of stable phosphate ester (glycerophosphoric acid) formed and hence, for the reason mentioned above, a measure of the formation of ATP and 'ADP.
Method (ii). This relied on the direct determination of the nucleotides. The incubation mixture was the same as in Method (i), but without glycerol. Control tubes were incubated without AMP and polyphosphate. After 8 hr. 6 ml. 10% (w/v) TCA were added to each tube. The tubes were then left in the cold for 1 hr., extracted twice with 20 ml. lots of ether (to decrease the TCA content) and neutralized. The solutions were put on Dowex 1 columns and the nucleotides eluted according to the method of Cohn & Carter (1950) . The eluates were collected in 10 ml. lots and their absorption read at 260 mp.
Chemicals. The inorganic polyphosphate used was sodium metaphosphate (Hopkin & Williams). A 2 % (w/v) suspension in 1 % (w/v) K,SO, was adjusted to pH 7-4, kept overnight, its pH value readjusted to the required value, the suspension centrifuged, and the supernatant fluid diluted 1 : 1 with water.
Adenosine-5-monophosphoric acid, adenosine-3-monophosphoric acid (A-8.. MP) and other nucleoside derivatives were obtained from Schwarz Laboratories, New York 17, except ADP and ATP which were obtained as the barium salts from L. Light and Co. Colnbrook, Bucks.
RESULTS

Conditions for abnormal polyphosphate accumulation
When material from a 4-day culture of Mycobactmiurn smegmatis was incubated in nitrogen-free P & B medium, little further accumulation of insoluble polyphosphate took place. When, however, 2 % tetrahydrofurfuryl alcohol (THFA) was included in the medium a rapid accumulation of insoluble polyphosphate was observed ( Table 1) as previously reported (Winder & Denneny, 1954) . There was no supstantial change in any of the other fractions, except on occasion an increase in the acid-soluble labile phosphate. This was not found in the experiment illustrated in Table 1 . It was found that when M . m gmatis was grown in the presence of THFA the organisms contained a greatly increased concentration of polyphosphate, both soluble and insoluble ( Table 2) . There was a slight increase in most other phosphorus fractions and a decrease in the deoxyribonucleic acid (DNA) content.
In order to explain the accumulation of polyphosphate, it was first postulated that THFA inhibited its utilization. On incubating Mycobactmiurn mgmutis it was found, however, that THFA strongly stimulated the incorporation of into polyphosphate. Another possibility considered was that THFA damaged the organisms in such a way as to permit the free entry of external phosphate, and that the organisms responded by forming polyphosphate to decrease the amount of the orthophosphate. This theory was not supported by studies on the effect of changing the concentration of phosphate in the medium ( Table 1) . Accumulation was still observed with 0.01 % (w/v) KHaPO,, although the organisms 
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contained a higher orthophosphate concentration. Further, with low external phosphate and THFA, the concentration of cellular orthophosphate dropped while polyphosphate accumulation took place (Table 1) . The results, therefore, force the conclusion that THFA stimulated polyphosphate synthesis either by direct stimulation of the enzymes involved, by inactivation of some controlling mechanism, or by causing some structural disorganization so that in its presence increased amounts of phosphate reach the polyphosphate-forming regions. There appears to be no serious damage to the organisms, however, since Table 2 shows accumulation of polyphosphate in the presence of THFA in organisms which were still growing vigorously. It was found too that the number of viable organisms was almost unaffected by a 5 hr. incubation with 5 % (wlv) THFA. In the absence of THFA the addition of nitrogen to the incuhation medium resulted in a decreased concentration of polyphosphate in Mycobacterium smegmatis, but when THFA was present the addition of nitrogen did not lead to a decreased formation of polyphosphate, although the utilization of phosphate for other purposes was increased ( Table 3) . The significance of this will be discussed later. Table 3 also shows that in the presence of nitrogen THFA had further effects and in particular caused an inhibition of DNA synthesis.
THFA caused rapid polyphosphate accumulation only over a narrow range of concentrations; at 0 . 5 % (w/v) the effect was slight and a t 5 % (w/v) it was past its optimum, which was at about 2 % (w/v Isotope studies on metabolic function of polyphosphate The labelling of the different phosphorus fractions was followed by adding labelled orthophosphate to growing cultures of Mycobacterium mnegrnatis. Insoluble polyphosphate was labelled less rapidly than cellular inorganic phosphate, and more rapidly than the various fractions insoluble in cold TCA. To determine whether insoluble polyphosphate was the exclusive precursor of any other phosphorus fraction, the experiment described under Methods was carried out. This consisted of two simultaneous and identical growth experiments, one starting with labelled external orthophosphate, and the other starting with most of the 32P in the cellular polyphosphate.
If the system of an exclusive precursor A transferring phosphorus to a product B, which may in turn transfer it to other products (including back to A), is considered, the following relationship holds for any short period:
(where a is the phosphorus gained by B from A during the period, A32P, is the net increase in 32P in B during the period, APB is the net increase in total phosphorus in B during the period, act, and act, are the mean specific activities of A and B during the period). Hence, to determine whether any fraction, A, is the exclusive precursor of any other fraction, B, the value of a can be calculated for any period in the experiment, both for the cells in the labelled phosphate medium and those with labelled polyphosphate. For each 580 period the value of a obtained in the two cases should be the same, if the assumed precursor-product relationship is correct. The results of the experiments (some of which are given in Table 5 ) were studied in this way for possible precursor-product relationships. Polyphosphate was not the exclusive precursor of either of the nucleic acid fractions Metabolism of polyphosphate by cell-free extracts of Mycobacterium smegmatis Cell-free extracts of Mycobacterium smegmatis contain an inorganic polyphosphatase stimulated by magnesium ions, with an optimum activity above pH 7. This enzyme was not investigated further. It was also found that the extracts contained an enzyme which appeared to be capable of using inorganic polyphosphate for the synthesis of ATP from ADP (Winder & Denneny, 1955) . The presence of this enzyme was first established by the indirect method of showing an increased synthesis of glycerophosphoric acid from glycerol and ATP in the presence of inorganic polyphosphate (see Methods). Since, under the conditions of these experiments neither polyphosphate alone, nor polyphosphate + AMP, was able to cause an appreciable phosphorylation of glycerol it appeared that polyphosphate served to regenerate ATP from ADP. However, analysis on Dowex 1 ion exchange resin (see Methods) of the nucleotides formed on incubation of the extracts with polyphosphate and ADP showed that no ATP was formed. Synthesis of ADP from AMP and polyphosphate was, however, found to occur when the system was buffered a t pH 6-3. Further work explained the earlier negative results obtained with AMP. The enzyme involved had a pH optimum between 6-0 and 6.5, and showed little activity at pH 7; the earlier work had been done at pH 7.4, but the system was weakly buffered so that when ATP or ADP was incubated the pH value was brought to 6.5 by phosphatase action. When AMP was added instead, the decrease in pH value was small and consequently the transphosphorylating enzyme was inactive. When the system was buffered at pH 6.3, the extract was able to phosphorylate glycerol, using AMP and polyphosphate. Hence, the enzyme is best described as a polyphosphate-AMP-phosphotransferase. Centrifugation at 25,000 g for 1 hr. left all the activity in the supernatant fluid. Hence, the enzyme appeared to be in solution in the extracts, though attachment to small particles was not excluded.
Only preliminary work has been done on the purification of this enzyme. It was inactivated by precipitation with acetone. Fractionation with ammonium sulphate was more successful, most of the activity being precipitated between 1/4 and 1/2 saturation. A partial purification was carried out as follows: the undialysed extract was saturated with ammonium sulphate, left for 1 hr. at 4' and centrifuged. The precipitate was dissolved in 0-1 M-phosphate buffer (pH 7-2) ammonium sulphate added to half saturation, the suspension left for 1 hr. at 4" and centrifuged. The precipitate was dissolved in phosphate buffer, and the solution again centrifuged. The clear solution contained 50% of the initial phosphotransferase, with considerably decreased polyphosphatase and other phosphatase activities, but it still contained the glycerolkinase.
A complete characterization of the enzyme must await further purification, on account of the polyphosphatases still present in the extracts. As already The polyphosphate used contained a range of products from orthophosphate to high molecular weight polymers. When it was freed from the dialysable material it still served as a substrate for the polyphosphate-AMP-phosphotransferase. Short-chain polymers were not tested, except pyrophosphate, which did not serve as a substrate.
It appears that there are a number of enzymes for polyphosphate utilization present in Mycobacteriurn smegmatis. Some nucleosides (guanosine and uridine) were phosphorylated to a slight extent by the extracts in the presence of polyphosphate, while A-3-MP was also phosphorylated. These effects, however, were slight and require further investigation. The extracts appeared to lack a myokinase type of enzyme, as formation of ADP from AMP does not result in any increase in ATP. An enzyme was present for the direct phosphorylation of glycerol from ADP. The presence of a myokinase has been shown (Oliver & Peel, 1956) Winder & Denneny, 1955) . The results in this paper show that mycobacteria contain enzymes for the utilization of inorganic polyphosphates by both of these pathways. The value of inorganic polyphosphates in mycobacteria, and indeed in other organisms, is not clear, however. The polyphosphate in a ' resting' mycobacterial cell could provide enough phosphorus for another cell generation, but as a source of energy it is comparatively insignificant. The suggestion has been made that these polyphosphates have some special function connected with nucleic acid or protein synthesis, but no reliable evidence for this has been forthcoming. Our results with labelled phosphorus suggest that inorganic polyphosphates are not the sole precursors either of nucleic acid or lipid phosphorus, and are in keeping with the idea that they are utilized via the pool of acid-soluble phosphorus compounds. However, the results are not conclusive, nor was the work brought far enough to indicate the relative importance of metabolism through nucleotides and through orthophosphate, or whether other pathways exist.
As in other organisms, part of the inorganic polyphosphate in mycobacteria is ' soluble ' and part ' insoluble ' in cold 5 yo trichloroacetic acid depending on the degree of polymerization (Katchman & van Wazar, 1954) , and the two fractions are metabolized differently. Of course, the dividing line between the two ' solubility ' fractions may not correspond precisely with the metabolic dividing line, and both fractions may be metabolically inhomogeneous. Some of the work referred to above shows that this simple picture isincomplete, however, and the results in this paper raise further difficulties. Even with an unlimited supply of oxidizable substrate and phosphorus, polyphosphate accumulation does not continue indefinitely, and hence a controlling mechanism must operate when polyphosphate reaches a certain level in the cell. I n Mycobacterium smegmatis and M . phki this control is removed when substances sueh as THFA are added. Further, the ability of THFA t o stimulate polyphosphate formation without reducing nitrogen assimilation suggests that, if polyphosphate is formed from the same pool of high energy phosphates as are used for assimilation, the compounds in this pool can be formed at a faster rate than they are required for assimilation. Why then does the start of assimilation normally (THFA absent) result in a drop in polyphosphate? This drop would appear not t o be due solely to increased demand for high-energy phosphate, but to some other controlling mechanism coming into operation, and one which is also removed by THFA. This controlling factor may be the level of nucleotides available for phosphorus transfer, and THFA by reducing DNA synthesis may increase the level of nucleotides. On the other hand, THFA may possibly stimulate oxidative phosphorylation. These controls may, of course, be through cellular organization, and THFA may disturb this, which calls to mind the effect of certain organic solvents in stimulating mammalian histidine decarboxylase (Waton, 1950) .
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